Abstract Interleukin-17 (IL-17) producing Type17 T-cells, specifically T-helper (Th)17 cells reactive to central nervous system (CNS) autoantigens, manifest a higher migratory capability to the CNS parenchyma compared with other Tcell subpopulations due to their ability to penetrate the blood brain barrier (BBB). In the field of cancer immunotherapy, there are now a number of cell therapy approaches including early studies using T-cells transduced with chimeric antigen receptors in hematologic malignancy, suggesting that the use of T-cells or genetically modified T-cells could have a significant role in effective cancer therapy. However, the successful application of this strategy in solid tumors, such as CNS tumors, requires careful consideration of critical factors to improve the tumor-homing of T-cells. The current review is dedicated to discuss recent findings on the role of Type17 T-cells in CNS autoimmunity and cancer. The insight gained from these findings may lead to the development of novel therapeutic and prophylactic strategies for CNS autoimmunity and tumors.
Introduction
Recent studies of autoimmune conditions in the central nervous system (CNS) have revealed that interleukin-17 (IL-17) producing Type17 T-cells, specifically T-helper (Th)17 cells reactive to CNS autoantigens, manifest a higher migratory capability to the CNS parenchyma compared with other T-cell subpopulations due to their ability to penetrate the blood brain barrier (BBB). In the field of cancer immunotherapy, there are now a number of cell therapy approaches [1] including early studies using T-cells transduced with chimeric antigen receptors in hematologic malignancy [2, 3] , suggesting that the use of T-cells or genetically modified T-cells could have a significant role in effective cancer therapy. However, the successful application of this strategy in solid tumors requires careful consideration of critical factors to improve the tumor-homing of T-cells. Especially, immunotherapy for CNS tumors, such as malignant glioma, can be hindered by suboptimal infiltration by immune effector cells and tumor elaboration of immunosuppressive cytokines. Although the induction of CNS autoimmunity should be avoided, recent studies suggest that clinical benefits from cancer immunotherapy may be associated with autoimmunity [4, 5] . The current review is dedicated to discuss recent findings on the role of Type17 T-cells in CNS autoimmunity and cancer. The insight gained from these findings may lead to the development of novel therapeutic and prophylactic strategies for CNS autoimmunity and tumors.
Th17 Cells Efficiently Migrate to the Brain in Autoimmune Conditions
Recent discoveries in the field of central nervous system (CNS) autoimmunity research provide us with valuable insight as to critical immunoregulatory mechanisms operated by a relatively novel class of helper T-cells, T helper (Th)17 cells in the CNS. Interleukin-17 (IL-17; originally termed CTLA8, also known as IL-17A) belongs to a family of six members (IL-17A, IL-17B, IL-17C, IL-17D, IL-17E and IL-17F) and has been of great interest recently owing to the discovery that the production of IL-17 characterizes Th17 cells. The development of Th17 cells is distinct from the development of Th1, Th2 and regulatory T (Treg) cells and is characterized by predominant production of IL-17 as well as their developmental control by retinoic acid-related orphan receptor (ROR)γt and signal transducer and activator of transcription 3 (STAT3) [6] . Th17 cells produce IL-17, IL-6, IL-21, IL-22, IL-23 and TNF-α.
Multiple sclerosis (MS), and its experimental model, experimental autoimmune encephalomyelitis (EAE) are CNS autoimmune conditions characterized by demyelination and axonal lesion mediated by CD4 + T cells with a proinflammatory Th1 and Th17 phenotype, macrophages, and soluble inflammatory mediators [reviewed [7, 8] ]. EAE was initially induced by immunization with myelin proteins emulsified in Complete Freund's Adjuvant, but can also be induced by adoptive transfer of myelin-specific CD4 + Th1 cells into naïve recipient mice [9, 10] . However, IFN-γ and IFN-γR-deficient mice are susceptible to EAE [11] . Discovery of Th17 cells led to the to speculation that myelin-specific Th17 cells were the primary encephalitogenic T cell population in EAE, and perhaps MS. Generation of IL-17 deficient mice showed that EAE is less severe in the absence of IL-17 [12] , but is not necessary for the development of EAE [13] . Another cytokine IL-23, was found to promote the expansion of myelin-specific IL-17 + T-cells derived from mice immunized with myelin oligodendrocyte glycoprotein (MOG), and these IL-23-driven IL-17 + T cells were capable of transferring EAE [14] . The critical role of IL-23 in the development of CNS inflammation was originally thought to be due to its role in enhancing IL-17 production, but more recently it has been found that IL-23 plays a critical role in homing to the CNS and survival of myelin-specific T cells in the CNS microenvironment [15] . Investigation into EAE [8] models demonstrated that the pathology induced by Th1 and Th17 cells is distinct [16, 17] . Classical EAE induced by Th1 cells is characterized by an ascending paralysis, while EAE induced by Th17 cells is often characterized by spinning, ataxia, spasticity and proprioceptive defects [17] . Interestingly, administration of IL-17 neutralizing antibody to EAE-affected mice results in a decrease in atypical EAE, such as ataxia, and an increase in classical EAE, such as paralysis [17] .
The blood brain barrier (BBB) disruption is an early and central event in MS pathogenesis. Autoreactive Th17 cells can migrate through the BBB by the production of cytokines such as IL-17 and IL-22, which disrupt tight junction proteins in the CNS endothelial cells [18] . Moreover, Th17 cells express high levels of molecules such as CCR6, which has a crucial role in Th17 infiltration into the CNS [15, 19] . Furthermore, Th17 cells produce CCL20 (the ligand of CCR6) in high levels, suggesting a possible positive feedback cycle [20] [21] [22] . The upregulated expression of both CCR6 and CCL20 was reported in EAE [22] . Th17 cells expressing CCR6 infiltrate into the CNS by interacting with CCL20, which leads to inflammation and increasing BBB permeability and enhancing subsequent infiltration of other lymphocytes, such as CCR6 + dendritic cells [8, 15] . Indeed, in MS patients, the production of IL-17 correlates with the number of active plaques on magnetic resonance imaging (MRI), which are caused by BBB breakdown [23] . Moreover, IL-17 generation in CNS infiltrating T cells and glial cells is associated with active disease in MS [24] and the frequency of Th17 cells in the CSF of MS patients is significantly increased at the time of clinical exacerbations compared with clinical remission phases of the disease [25] . However, it was reported that T-bet positive Th17 cells are encephalitogenic, while T-bet negative Th17 cells are not encephalitogenic [26] . Thus, Th17 cells differ in their pathogenic potential because of a transcription factor previously known for its role in Th1 cells [26] .
In addition to CD4 + IL-17 + Th17 cells, a new putative subtype of IL-17-producing CD4 + T cells with CD4 + IL-17 + IFNγ + (Th17-1 cells) double-positive phenotype has also been identified, and the presence of these cells has been described in MS and EAE [27, 28] . The Th17-1 cells isolated from the CSF of MS patients express high levels of CD28 [25] and are closer to Th17 than to Th1 cells phenotypically [25] . Th17-1 cells infiltrate the brain prior to the development of clinical symptoms of EAE and this coincides with activation of CD11b + microglia and local production of IL-1β, TNF-α and IL-6 in the CNS. Furthermore, Th17-1 cells are potent activators of pro-inflammatory cytokines whereas Th1 cells are less effective [29] . Interestingly, the pattern of chemokine receptor expression in Th17-1 cells can discriminate them from Th17 cells. Th17 cells express CCR6 and CCR4, whereas Th17-1 cells express CCR6 and CXCR3 [30] (Fig. 1) . The Th17-1 cells in MS patients appear to cross the BBB more efficiently [18] . Interestingly, both Th17 and Th17-1 cells appear to be resistant to Treg mediated suppression [25] .
Type17 T-cells in Cancer
The role of Type17 T-cells and Type17-associated cytokines in cancer has been highly controversial, and both pro-and anti-tumor functions have been reported. There are excellent reviews on this topic [reviewed in [31] [32] [33] . This controversy arises at least partially because most discussions on this issue did not clearly separate the evaluation of Type17 Tcells versus a variety of similar but not identical biological conditions/factors, such as IL-17 + cells from other immune populations, genetic deletion of IL-17 from the entire system (i.e. IL-17-knockout mice), and IL-23, a cytokine that promotes the survival and expansion of Type17 T-cells [31] [32] [33] . Furthermore, conflicting results have been seen in human versus mouse studies and with the use of immunocompetent versus immunodeficient mice. Nonetheless, the key feature of human tumor-associated Type17 T-cells identified thus far is their polyfunctional cytokine profile [33, 34] . This supports the notion of Type17 T-cell plasticity in vivo, and a fraction of Type17 T-cells may be shifted to Type1-type cells in the inflammatory environments [35] [36] [37] [38] [39] . This could partially explain why the infiltration of functional Type17 T-cells in the tumor correlates with reduced tumor progression and improved patient survival in human epithelial cancer [34, 40, 41] .
The in vivo plasticity of Type17 T-cells may be the key aspect we need to understand for development of cancer immunotherapy strategies using Th17 and/or Tc17 cells. Therefore, in this review, we will focus on discussing the results of Type17 T-cell adoptive transfer. Unlike the results with IL-17-deficient mice showing both pro-and
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Tumor cells anti (IFN-γ-producing) T-cells. The following table summarizes the published reports in this regard.
In mice with established tumors, both Th17 [42, 44] and Tc17 [46] (including cells described as Type17 CD8 + T-cells with anti-tumor activities in vivo [43] ) populations have exhibited potent antitumor efficacy when administered as adoptive cell therapy. In mice pretreated with whole-body radiation for lymphodepletion, infused cells started to produce IFN-γ as well (i.e., Type17-1T-cells), and induced tumor regression in an IFN-γ dependent manner, and persisted in the host longer than non-polarized cells [42, 43] . On the other hand, in non-lymphopenic hosts [44] , the therapeutic effects of Th17 can be independent of IFN-γ. In this referenced study [44] , adoptively transferred Th17 cells elicited a remarkable activation of anti-tumor CD8 + cytotoxic T-lymphocytes (CTLs) via recruitment of dendritic cells (DCs) into the tumor tissues and in draining lymph nodes. These effects were mediated by Th17-induced CCL20 production by tumor tissues and attraction of CCR6 + DCs. These observations on long persistence of Th17 cells in vivo may have been counter-intuitive because they typically display low expression of CD27 and other phenotypic markers of terminal differentiation. Muranski et al. reported that murine Th17 cells actually maintain a core molecular signature resembling early memory CD8
+ cells with stem cell-like properties, such as high expression of Tcf7 and accumulated β-catenin. In vivo, Th17 cells gave rise to Th1-like effector cell progeny and also self-renewed and persisted as IL-17A-secreting cells. Multipotency was required for Th17 cell-mediated tumor eradication because effector cells deficient in IFN-γ or IL-17A had impaired activity. Thus, Th17 cells are not always short lived and are a less-differentiated subset capable of superior persistence and functionality [47] .
The interesting conversion of Type17 T-cells into Type1 Tcells in cancer-bearing hosts is not merely a phenomenon in rodents, but relevant to humans. A lung cancer patient mounted a spontaneous and concurrent Th17 and Th1 responses to a tumor antigen MAGE-A3 [48] . + fractions at early and late differentiation stages, respectively, whereas the CCR6 -CXCR3 + fraction contained a distinct Th1 population. These findings suggest a differentiation model in which tumor antigen-specific CD4 + T cells that are primed under Th17 polarizing conditions can progressively convert into IFN-γ-secreting cells in vivo as they differentiate into effector T cells.
With regard to practical methods to generation of human Type17 T-cells for adoptive T-cell therapy, although ex vivo induction of Type17 T-cells has been established [reviewed [6] [7] [8] [ 46] s.c. B16 melanoma TRP-1-specific Th17 Th17 cells are long lived, and maintain a core molecular signature resembling early memory CD8 + cells with stem cell-like properties [47] TGF-β, IL-1β, IL-23, and neutralizing IL-4 Abs promotes the robust expansion of IL-17 + IFN-γ + human T cells (i.e. Th17-1 cells), and the antitumor activity of these cells after adoptive transfer into mice bearing large human tumors is superior to that of CD28-induced Th1 cells [45] . The therapeutic effectiveness of ICOS-expanded cells is associated with enhanced functionality and engraftment in vivo. These findings provide not only strong rationale to employ Th17 cells but also a practical method to expand these cells for near future therapy.
Th17 and Brain Tumors
Significant roles of Th17 cells in CNS autoimmunity as well as cancer immunology prompted some investigations on Type17 responses in CNS tumors. Wainwright et al. demonstrated presence of IL-17A mRNA expression as well as Th17 cells in both human and mouse GL261 gliomas [49] . Among glioma-infiltrating Th17 cells, 5-10 % of them co-expressed the Th1 and Th2 lineage markers, IFN-γ and IL-4, respectively, and 20-25 % co-expressed the Treg lineage marker FoxP3. This is interesting because as discussed in the previous section [42] [43] [44] , Th17 cells infiltrating cancers of other organs often convert to Th1 (IFN-γ producing) cells. These data suggest a possibility of unique immunological environment associated with brain tumors. In the relevant topic, Cantini et al. [50] . investigated Th17 cells in the GL261-glioma model. Contrary to the aforementioned study [49] , GL261-infiltrating Th17 cells did not express Foxp3. To determine the direct effects of glioma-bearing host conditions on Th17 functions, they isolated splenic Th17 cells derived from non-glioma-bearing (nTh17) or glioma-bearing mice (gTh17). When those cells were adoptively transferred directly into the intracranial GL261 gliomas, nTh17 cells conferred significantly longer survival than gTh17 cells. Interestingly, injection of nTh17, but not gTh17, induced IFN-γ and TNF-α in the tumor environment, suggesting that Th17 cells may undergo systemic suppression by glioma-derived factors.
In regard to the IL-17 mRNA expression in primary glioblastoma multiforme (GBM), Schwartzbaum et al. evaluated mRNA expression of inflammation-related genes in 142 GBM tissue samples, especially in correlation with expression of CD133 as a GBM stem cell marker [51] . While 69 % of 919 allergy-and inflammation-related genes are negatively correlated with CD133 expression, IL-17-β and 2 IL-17 receptors demonstrated trends towards positive correlations. In a study by Hu et al., higher mRNA expression levels of Th17-relevant cytokines were observed in glioma tissues when compared to trauma tissues, although analyses of peripheral blood mononuclear cells demonstrated no significant differences in the number of Th17 cells between glioma patients and healthy donors [52] . Mechanistic laboratory studies are warranted to determine the biological significance of these observations.
In terms of studies on Th17 cells in non-glial brain tumors, Zhou et al. demonstrated presence of Th17 cells in medulloblastoma-infiltrating T-cells [53] . Compared with 17 healthy volunteers, 23 patients with medulloblastoma had a higher proportion of Th17 cells in their peripheral blood. Furthermore, the mRNA levels for Th17-related factors (IL-17, IL-23 and ROR) in tumor tissues and the serum concentrations of IL-17 and IL-23 protein were significantly increased in patients with medulloblastoma. The results suggest that Th17 cells may contribute to medulloblastoma pathogenesis.
Concluding Remarks
In this review article, we discussed recent findings on the role of Type17 T-cells in CNS autoimmunity and tumors. Th17 as well as Th1 cells can be encephalitogenic and both of these effector T cell populations can cause CNS inflammation and demyelinating lesions. However, cytokine production is not sufficient for encephalitogenicity. Expression of chemokine receptors, activation markers and transcription factors are critical determinants of pathogenicity. These various transcription factors and cytokines may contribute to a final common pathway, or synergize to induce encephalitogenicity but the exact mechanisms are still under investigation. Although publications on the role of IL-17 and IL-17-associated cytokines in cancer to date report both pro-and anti-tumor functions, it appears consistent that adoptively transferred Type17 T-cells may mediate potent anti-tumor immunity due to their longevity as well as ability to develop into Type1 cells in cancerbearing hosts. Adoptively transferred Type17 T-cells also impact the immunological microenvironment of the tumor and induce other effector functions that contribute to the anti-tumor responses. In primary CNS tumors, spontaneous Type17 T-cell responses seem to exist, but investigations on their role have just started. Spurred by intriguing observations from CNS autoimmunity research, further evaluations on the therapeutic applications of Typ17 T-cells for CNS tumors are clearly warranted.
